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E-mail address: jeremy.soulie@ensiacet.fr (J. Soulié).a b s t r a c tThis paper focuses on the fabrication of three-dimensional porous PLGA-biomimetic carbonated apatite compos-
ite scaffolds by freeze-casting and using dimethyl carbonate as a solvent. Several charge/polymer ratios were
tested in order to ﬁnely understand the inﬂuence of the ﬁller rate on the scaffold porosity and mechanical
and degradation properties using complementary characterization techniques (SEM, mercury porosimetry and
X-ray microtomography). It was demonstrated that the apatite ratio within the composite scaffold has a strong
inﬂuence in terms of architecture, material cohesion, mechanical properties and in vitro degradation properties.
An optimum biomimetic apatite ratio was reached to combine good mechanical properties (higher rigidity) and
material cohesion. In vitro degradation studies showed that higher apatite ﬁller rates limited PLGA degradation
and enhanced the hydrophilicity of the scaffolds which is expected to improve the biological properties of the
scaffolds in addition to the bioactivity related to the presence of the apatite analogous to bone mineral.Keywords:
Porous scaffolds
Composite
PLGA
Carbonated apatite
Bone engineering1. Introduction
Bone defects resulting fromdisease or traumamay require the use of
grafts to achieve bone regeneration. Although autologous graft [1] is
considered as the gold standard, it presents some disadvantages related
to the limited amount of tissue available, its quality and the need for two
surgeries for patients [2,3]; these limitations led to the use of synthetic
substitutes. During the last decade, the aim of bone tissue engineering
has been to develop biodegradable and, if possible, bioactive materials.
Ideally, biomaterials for bone regeneration should: i) demonstrate
osteoconductivity to promote cell adhesion and differentiation, ii) stim-
ulate new bone formation through cell differentiation and proliferation,
iii) exhibit high porosity (pore size and total porosity) in order to sup-
port cell colonization and angiogenesis [4] and iv) maintain adequate
mechanical strength until new bone formation is completed [5,6].
Non-stoichiometric nanocrystalline calcium phosphate apatites [7,8]
mainly ﬁt the two ﬁrst criteria, due to their biomimetic characteristics
(structural and chemical similarity with the mineral phase of bone)
supporting their high bioactivity. Different processes (hard template [9],
ice-templating [10]) can lead to porous calcium phosphate ceramics butEmileMonso, CS 44362, 31030mechanical cohesion is only obtained after a sintering step athigh temper-
ature. Unfortunately, these ceramics exhibit high fragility and low elastic-
ity [11,12]. Moreover, as temperature tends to improve the crystallinity of
calciumphosphate phases, thermal treatment decreases the reactivity/de-
gradability of these materials [8] and then their biological properties [13].
One way to overcome this problem is the use of polymer/calcium phos-
phate composites. This association has been studied for several polymer
matrices, involving natural (collagen, chitosan, gelatin) or synthetic
polymers (polyesters, PMMA) [14,15]. Biodegradable synthetic polymers
present good processability, high reproducibility and lower risk of
contamination in comparison to natural polymers [16]. Among them,
poly(D,L-lactic-co-glycolic acid) (PLGA) has been increasingly applied as
a tissue engineering material due to its excellent biocompatibility and
the possibility of controlling degradation time and mechanical properties
by varying the copolymer composition [17]. Combinationof the character-
istics of PLGA and apatite allows production of scaffolds with suitableme-
chanical strength [18] and improvement of the degradation performance
of suchpolyester-basedmaterials through the inﬂuence of inorganicﬁllers
in the polyester hydrolysis reaction [19,20].
The control of porosity in such composites is a key parameter and
different processes have been implemented: electrospinning with
pore size and shape difﬁcult to control in ﬁber assembly [18], hard tem-
plate methods through the addition of porogenic agents [21], use of
emulsions (soft template) in which removal of the oil phase is difﬁcult
[22] and freeze-casting methods, also called temperature-induced
phase separation (TIPS), in which the crystals of frozen solvent are the
template for the porosity before being sublimated.
This paper will focus on the fabrication of three-dimensional porous
composite scaffolds of PLGA-carbonated apatite by TIPS. Contrary to
previous studies [23], the solvent used in the process, dimethyl carbon-
ate (DMC), is not carcinogenic or mutagenic [24,25] and due to its crys-
tallization properties can lead to pores with higher diameters [26]. As
the size and structure of apatite particles can be controlled by themeth-
od of synthesis, several charge/polymer ratios will be tested in order to
ﬁnely understand the inﬂuence of the ﬁller rate on the scaffold porosity
and surface features using complementary microstructural characteri-
zation techniques (scanning electronmicroscopy, mercury porosimetry
and X-ray microtomography). Finally, this study aspires to correlate
these observationswith twomajor properties for bone substitutemate-
rials: mechanical and degradation properties.2. Materials and methods
2.1. Synthesis of nanocrystalline carbonated apatite
Nanocrystalline carbonated apatite analogous to bone mineral was
preparedbydouble decomposition between calcium salt and phosphate
salt solutions. Brieﬂy, the two solutions were prepared as follows. Solu-
tion A: calcium nitrate Ca(NO3)2, 4H2O: 0.3 M in 1500 mL of distilled
water and solution B: diammonium hydrogenphosphate (NH4)2 HPO4:
0.5 M and sodium carbonate NaHCO3: 0.7 M in 3000 mL of distilled
water. Solution A was rapidly poured into solution B at room tempera-
ture and under stirring. Once homogeneity of the suspension was en-
sured, the pH was measured (pH around 7.2) and the ﬂask was kept
closed for 10 days for nanocrystalline apatite maturation. After this pe-
riod the suspension was ﬁltered in a Büchner funnel and washed with
5000 mL of deionized water. Then the gel was frozen in liquid nitrogen
(−196 °C) and freeze-dried to get the ﬁnal apatite powder. Then the
latter was stored in a freezer to prevent further maturation of the apa-
tite nanocrystals.
Non-stoichiometric nanocrystalline carbonated apatite was chosen
as mineral ﬁller for the studied scaffolds due to its analogy of composi-
tion and structure with bone mineral and its related higher bioactivity
compared with stoichiometric hydroxyapatite. In addition, the use of
nanocrystalline carbonated apatite matured 10 days is based on the
choice of introducing highly bioactive and biomimetic apatite ﬁller
which would be enough stable during the processing of the composite
scaffolds.2.2. Preparation of the porous composite scaffolds
The PLGA-apatite scaffolds were prepared by freeze casting using
DMC as a solvent for PLGA (PURASORB PLGA 82/18, Purac) and different
apatite/PLGAweight ratios (Table 1). PLGAwas dissolved in DMC to ob-
tain a solution at 3.5 wt%. Then, the appropriate amount of ﬁller (apa-
tite) was added to the PLGA solution and homogenized by vortex and
sonication (10 min). The suspensions were then poured into teﬂon
molds (internal diameter: 2 cm, height: 2 cm). In order to freeze the
PLGA-apatite suspensions and generate DMC crystals, the closed
molds were placed in a freezer at −20 °C for 5 h. Molds were then
opened and the frozen suspensions lyophilized (Christ Alpha 1/2–4)
for 24 h (−55 °C, 1 mbar).Table 1
PLGA/apatite weight % ratio in composite scaffolds.
Sample S0 S20 S40 S60 S80
PLGA/apatite (wt%) 100/0 80/20 60/40 40/60 20/802.3. Characterization of the apatite ﬁller and porous composite materials
2.3.1. X ray diffraction (XRD) analysis
The synthesized apatite was analyzed by XRD using a CPS 120 INEL
diffractometer with a Co anticathode (λCo = 1.7903 Å). The XRD dia-
gramof the as-synthesized apatitewas comparedwith the International
Centre for Diffraction Data (ICDD) PDF no. 9-0432 XRD reference data
for hydroxyapatite (for indexing the diffraction peaks).
2.3.2. Fourier transformed infrared (FTIR) spectroscopy
FTIR analyses were performed in transmission mode using a Nicolet
5700 spectrometer, in the wavenumber range 400–4000 cm−1 (64
scans, resolution 4 cm−1). Brieﬂy, the KBr pellet was prepared with a
mixture of 1 mg of the synthesized apatite and 100 mg of KBr pressed
at 8 tons pressure.
2.3.3. Chemical analyses
Calcium concentration was determined by atomic absorption spec-
trometry (ContrAA 300, Analytik Jena) and the phosphorus concentra-
tion by visible spectrophotometry (Shimadzu UV-1800) of the
phospho-vanado-molybdenum complex at λ=460 nm. The carbonate
content of the synthesized apatite was determined using a CO2 coulo-
meter (UIC Inc., USA). All these chemical analyses were performed in
duplicate or triplicate.
2.3.4. Granulometry
The particle size distribution of the apatite powders was measured
by laser granulometry using a Malvern Mastersizer 2000 equipped
with a Scirocco 2000 dry powder feeder at 2 bars pressure.
2.3.5. Scanning electron microscope (SEM) analysis
Themorphology of apatite particles and scaffolds cross-sectionswas
observed using a ﬁeld emission gun-scanning electron microscope
(FEG-SEM, FEI, model Inspect F50). Gold was sputtered onto the sam-
ples to avoid surface charging. Electron micrographs were taken using
the secondary electron mode.
2.3.6. μCT analysis
X-ray computed microtomography images were obtained to evalu-
ate the three-dimensional morphology of the scaffolds. A Phoenix/GE
Nanotom 180 instrument using a tungsten target was used at a voltage
of 90 kV and a current of 100 mA, a binning of 1 × 1 and a time of
1000 ms. Datosx software was used to process the data and reconstruct
3D images of the scaffolds. Images were treated using the Vg StudioMax
2.1 software. The maximum voxel size is 9 μm (section uCT analysis).
2.3.7. Mercury porosity measurements
The porosity of the scaffolds was measured using a mercury intrusion
porosimeter (AutoPore III, Micromeritics Instruments Inc., Norcross, GA),
which allows detection of pores in the range 600–0.003 μm. The total
percentage porosity was calculated by:
Ptot ¼ dapp: VHg  100
where dapp is the apparent density of the scaffold and VHg is the total
mercury intrusion volume per gram of specimen analyzed. The pore
size distribution was calculated as the differential mercury intrusion
volume plotted versus the pore size.
2.3.8. Compression tests
Compression tests were carried out on cylindrical PLGA-apatite
porous scaffolds (height ~16 mm, diameter ~20 mm) using an MTS
tension compression machine equipped with a 2 kN load cell. The dis-
placement was imposed at 0.02 mm/s. A preload of 2 N was performed
in order to obtain a smooth surface on the scaffold and to limit the effect
of surface irregularity due to molding. The sample was then unloaded
Fig. 1. Characterization of the synthesized carbonated apatite: a) X-ray diffraction pattern
of the synthesized apatite compared with rat bone and stoichiometric hydroxyapatite
(HAP) reference data, b) FTIR spectrum of the synthesized apatite.down to 1 N compression; its height was then the initial data of the
compression test carried out up to 10 N. Measurements were achieved
in triplicate. Some samples were compressed down to 50 N in order to
identify possible scaffold failures.
2.3.9. In vitro degradation tests
The composite scaffolds were incubated at 37 °C in 300 mL of TRIS
solution at pH 7.4. The samples were placed in a porous vial to ensure
the scaffold was submersed into the buffer solution, with agitation of
100 rpm. At scheduled times (14 and 28 days) scaffold sampleswere re-
moved from the TRIS solution and weighed, washed with deionized
water and dried for 48 h at room temperature. After this period of dry-
ing, the sampleswereweighed again. This studywas performed on scaf-
folds S40 and S60, as well as on S0 as the control material. This test
allowed characterization of the water uptake, PLGA molecular weight
andweight loss of the scaffold. All the tests were conducted in triplicate.
Water uptake was calculated as follows:
water uptake ¼ wt−w0ð Þ=wt  100
wherewt is the scaffoldweightwhilewet at time t, andw0 is theweight
of the dried scaffold after the degradation test.
Weight loss was calculated as follows:
weight loss %ð Þ ¼ wi−w0ð Þ=wi  100
where wi is the initial weight of the scaffold and w0 is the weight of the
dried sample after the degradation test.
2.3.10. Gel permeation chromatography
The variation in the average molecular weight (Mw) of the polymer
(PLGA) was monitored by gel permeation chromatography during the
in vitro degradation process. The scaffolds were solubilized in tetrahy-
drofuran (THF) at a concentration of 15 mg/mL before injection in an
isocratic HPLC chromatograph pump-1515 using a Waters Instruments
2412 refractive index detector.
3. Results
3.1. Apatite ﬁller
The XRD pattern and FTIR spectrum of the synthesized apatite are
presented in Fig. 1. A strong broadening of diffraction lines can be
observed as compared with reference XRD data corresponding to
well-crystallized stoichiometric hydroxyapatite (Fig. 1a) testifying to
the poor crystallinity of the synthesized apatite. In addition we can see
that this synthesized nanocrystalline apatite is analogous to bone apa-
tite (as compared with apatite of 18 months rat bone, Fig. 1a). The
FTIR spectrum of the synthesized apatite is presented in Fig. 1b: the
phosphate, carbonate and water molecule characteristic bands are
clearly visible, indicating and conﬁrming that the synthesized nanocrys-
talline apatite is a carbonated apatite analogous to bone mineral.
Considering the calcium (31.25 wt%), phosphorus (13.51 wt%) and
carbonate (3.9wt%) titration results, the Ca/P and Ca/(P+ C) atomic ra-
tios of the synthesized apatite were calculated: 1.79 and 1.56, respec-
tively. They both testify to the non-stoichiometry and carbonation of
the prepared apatite.
The particle size distribution of the synthesized apatite is presented
as supporting information in Fig. SM1 (Supplementary material). The
monomodal curve shows that the apatite powder is constituted of
small aggregates (mean diameter 4.47 μm) of apatite nanocrystals due
to the freeze-drying process (apatite gel frozen at −196 °C before
freeze-drying).3.2. Composite scaffolds
Five types of samples were prepared with different apatite ﬁller
ratios (wt%) in PLGA-apatite composites (Table 1). Samples presented
different macroscopic appearance (Fig. 2) depending on the initial apa-
tite ﬁller ratio in PLGA-apatite suspension. S0, S20, S40 and S60 were
monoliths around 1.6 cm high and with a diameter of 2 cm. No signiﬁ-
cant shrinkage was observed for these samples. Domains with different
porosity orientation can be observed in the lateral view of the S20 scaf-
fold (Fig. 2c), less distinguishable in its top view (Fig. 2a). The porosity
seemed tubular and aligned within these macro-domains but the do-
mains themselves had an isotropic orientation. We also observed such
architecture for S40 and S60 scaffolds (data not shown). Contrarily to
the other types of scaffold, the S80 sample was fragile and friable and
looked like a powder (Fig. 2d). This sample characteristic can be
explained by the presence of a very high amount of apatite particles
and thus of the lowest PLGA ratewhich does not allow enough cohesion
to bemaintained between apatite particles in such compositematerials.
No further study was been performed on the S80 sample.
These macroscopic observations were completed by
microtomographymeasurements for samples S0 and S40with two vol-
ume analyzes: large views, 10 × 4 × 3 mm (Fig. 3a and b) and focused
views, 3 × 3 × 3 mm (Fig. 3c and d). Different electronic densities
allowed discrimination of the polymer matrix, the apatite ﬁller (de-
pending on the particle size) and the porosity (air). Sample S0 (without
apatiteﬁller) displayed a structuremade up of large and layered parallel
plates, spaced from 50 to 500 μm apart, aligned along different domains
(probably depending on the heat transfer direction) and connected by
struts. The porosity of S40 seemed less organized even if the pore an-
isotropy was still visible, with a smaller diameter than for S0. These
3D analyses also demonstrated that apatite ﬁllers (brilliant points)
were uniformly distributed at the scale of the scaffold and that there
was no gradient or separation of the composite constituents.
Fig. 2. Optical images of PLGA-apatite scaffolds: S20 (a-top view, b-lateral view, c-
longitudinal cross section) and S80 samples (d).FEG-SEM characterization (Fig. 4) was carried on samples S0, S20,
S40 and S60 at different magniﬁcations (×100, ×500, ×10,000) after
they were frozen in liquid nitrogen and broken to observe the internal
organization. At the lower magniﬁcation (Fig. 4a, d, g, j) all the samples
except S0 exhibited principal lamellar porosity for which the cross-sec-
tion was between 150 and 300 μm width and between 600 μm and
1 mm long. For S0, the structure seemed to collapse, contrary to what
was observed by μCT. For all the samples, smaller tubular porosity be-
tween 30 and 70 μm was embedded in the principal one (Fig. 4b, e, h,
k). Finally,micrometer-size porosity (poreswith a diameter of a fewmi-
crons) was present in the walls of S40 and S60. At higher magniﬁcation
(Fig. 4c, f, i, l), it could be observed that the roughness of the walls was
increased because of the higher amounts of apatite ﬁller from S0 to S60.
For S20, the apatite particlesweremainly inside thewalls (Fig. 4f) while
they appearedmore numerous at the surface up to S60 (Fig. 4l). For this
latter sample we could observe that thewalls of the pores were covered
by homogeneously distributed apatite particle aggregates.
Mercury porosimetry was performed to quantitatively assess the
volume and pore size distribution of scaffolds as a function of the apatite
ﬁller ratio (Table 2 and Fig. 5). Porosity of around 63% was observed for
all the samples except for S0 which presented a higher porosity (~72%)when compared to S20, S40 and S60, suggesting a small decrease in
porosity when apatite particles are introduced into the scaffolds.
The pore size distribution was also determined by measuring the
amount of mercury introduced into the sample as a function of the
applied pressure (pore diameter is related to intrusion pressure). Corre-
sponding curves are presented in Fig. 5. For the S0 sample, three main
peaks respectively centered around 380, 160 and 60 μm can be ob-
served, which is consistent with the SEM micrographs (Fig. 4). For the
other samples (S20, S40 and S60 composite scaffolds), the introduction
of apatite particles induced a decrease in porosity related to pores of
around 60 μm with a widening of the distribution of pore sizes. Two
pore diameters remained present: one centered around 160 μm and
the other around 380 μm.
3.3. Scaffold properties
In order to evaluate the effect of the apatite ﬁller ratio on the
mechanical properties of the PLGA-apatite porous scaffolds, uniaxial
mechanical compression studies were performed and are presented in
Fig. 6. Tests reproducibility was good, as illustrated in Fig. SM2 (Supple-
mentary material). The mechanical behavior exhibited by the prepared
scaffolds revealed two main regimes. The ﬁrst one was a linear elastic
regime. Young's elastic modulus was calculated at this stage (based on
three tests) for all samples (Fig. 7). When comparing this ﬁrst part of
the curve for all the samples, we can see that the Young's modulus in-
creased from 0.16 (S0) to 0.34 MPa (S40). Then, after having reached
a maximum for 40% apatite ﬁller, it decreased for S60. Considering again
the uniaxial stress-strain curves (Fig. 6), the second step corresponded
to a plastic regime of the scaffold. For a similar compressive stress, the
elongation decreased from S0 to S40 (minimal elongation) and then
increased for S60.
An in vitro degradation test was performed in order to evaluate the
inﬂuence of the apatite ﬁller rate on the degradation behavior of PLGA
and PLGA-apatite porous scaffolds. Fig. 8a shows the aqueous solution
uptake by the different scaffolds prepared. The scaffolds with higher ap-
atite content exhibited a higher capacity to absorb TRIS buffer solution
during the ﬁrst 14 days of the degradation test. Then, for a longer period
(28 days), no signiﬁcant difference between the three scaffolds was ob-
served. Fig. 8b shows the drymaterial mass (expressed in wt%) for each
type of scaffold after 14 and 28 days of degradation test. A weight loss
between 2 and 4 weeks for all scaffolds, except for S0 (without apatite
ﬁller), could be observed. For this scaffold, there was a weight gain
during the ﬁrst period of the degradation test and this gain was then
enhanced after 28 days of degradation. This effect is most probably
due to polymer and thus composite swelling that typically occurs during
the hydrolytic degradation of the polyester [26]. The weight loss in the
composite scaffolds can be correlated to the apatite ﬁller ratio in the
scaffolds.
The evolution of the Mw of the PLGA in PLGA and PLGA-apatite
scaffolds is presented in Fig. 8c. We can see that the Mw decreased
substantially between 14 and 28 days of degradation for all the
porous composite samples tested. The S0 scaffold (without apatite
ﬁller) showed the lowest Mw after 28 days of degradation; these
results point out the buffering role of the apatite ﬁller in the control
of autocatalytic hydrolysis/degradation of PLGA materials.
4. Discussion
4.1. Scaffold architecture
The fact that no signiﬁcant macroscopic shrinkage was observed is
the ﬁrst interesting property of these PLGA-apatite scaffolds. Indeed,
the use of DMC as a solvent allows avoidance of shrinkage contrarily
to other solvents used for PLGA freeze-casting (ethylene carbonate, di-
methyl sulfoxide, 1,4-dioxane) for which conic shrinkage can be 30%
higher [26]. This is particularly suitable for molding processability.
Fig. 3. μCT images of PLGA scaffold S0 (a, c) and PLGA-apatite scaffold S40 (b, d): total height in the center of the scaffold (a, b) and zoom within this region (c, d).Considering macroscopic observations, μCT analyses, SEM obser-
vations and mercury porosimetry measurements, porosity was
homogeneous within the prepared scaffolds and ordered in sheets
within macro-domains, the domains themselves having an isotropic
orientation. This can be explained by the fact that no preferential
orientation was followed by the growing DMC crystals at the sample
scale because the freeze-casting was carried out in a Teﬂon mold, i.e.
in a thermal isolating material. This is a key parameter to get isotro-
pic mechanical properties for small bone defect ﬁlling. The structure
of this large macroporosity was composed of layered parallel plates
for most the samples (S20, S40, S60). Indeed, due to the planar
structure of the DMC molecule [27], DMC preferentially forms pla-
nar, rather than dendritic, crystals [26]. Surprisingly, the porosity
structure observed on μCT images and SEM cross-section micro-
graphs appeared different (organized lamellar porosity versus poor-
ly-organized porosity) for the S0 porous scaffold. This could be
attributed to a collapse during sectioning of the samples for SEM
preparation related to decreased rigidity of the sample without
apatite ﬁller (see part Section 4.2) (lower Young's modulus of the
walls).
Beyond themain and structuringmacroporosity of several hundreds
of microns (S0), two hierarchical and smaller porosities could also be
observed using SEM and mercury intrusion analyses, which depended
on the type of scaffold: several tens of microns (Fig. 3) for all the
samples and a fewmicrons (Fig. 4, within thewalls) for S40 and S60. Ac-
cording to Pawelec et al. [28], theﬁrst bimodal distribution (S0 and S20)
could be attributed to primary and secondary nucleation of DMC crys-
tals. Indeed, secondary nucleation occurs in particular for a low cooling
rate. It is the case for these scaffolds because the freezingwas carried out
in a Teﬂon mold and with an external temperature of −20 °C (low
cooling rate compared to a metal mold/interface associated to liquid
nitrogen). For scaffolds containing apatite ﬁller, each apatite particle
or agglomerate could serve as a nucleating site, enhancing the second-
ary nucleation and then resulting in the microporosity seen in the
walls. After the crystal growth step, the resulting DMC crystals reached
various sizes which resulted in larger pore size distribution.From a biological point of view, S40 and S60 PLGA-apatite scaffolds
appear to be the most suitable samples because they combine large
and interconnected macroporosity allowing potential cell colonization
and angiogenesis with micron-scale porosity within the walls which
has been considered to allow adsorption of (bio)molecules [29].
3D μCT analyses also demonstrated that apatite particles were uni-
formly distributed at the scaffold scale and that there were no preferen-
tial zones or gradient from the top to the bottom due to gravity. As
summed up by Supova [30], the dispersion of apatite in polymeric ma-
trices and control of inorganic and organic phase mixing is a critical
challenge in the design of such systems. This result demonstrates that
the preparation process leads to good dispersion. This homogeneity
was also present at the wall scale for S40 and S60 scaffolds. Indeed, for
these samples the walls of the pores were covered by homogeneously
distributed aggregates of apatite particles with diameters of a few mi-
crons, similar to the initial apatite powder (Fig. SM1). The resulting
wall roughness and the presence of carbonated apatite both in the
bulk and at thematerial surface is expected to enhance the hydrophilic-
ity compared to neat PLGA and to promote osteogenic cell adhesion and
differentiation, leading to bone ingrowth [31].
4.2. Scaffold mechanical properties
For mechanical properties, considering the stress-strain curves of all
prepared scaffolds (Fig. 6) and according to the Gibson and Ashby
model [32], several regimes could be observed. The ﬁrst one was an
elastic regime. The slopes of these stress-strain curves correspond to
an effective Young's modulus. The measured values increased from
0.16MPa (S0) to 0.34MPa (S40). As this step is due to cell edge bending
or face stretching, this behavior is in good agreement with the litera-
ture: there was an increasing trend in composite rigidity compared to
the polymer due to the decrease of polymer segment mobility blocked
by inorganic apatite particles. Boccaccini et al. [33] demonstrated it
with PLGA/Bioglass® composite scaffolds. In our study, it is interesting
to note that the rigidity of thewalls was improved up to the 40% apatite
ﬁller rate which is a major property for biomedical applications. The
Fig. 4. SEMmicrographs of PLGA and PLGA-apatite scaffolds at different magniﬁcations: S0 (a, b, c), S20 (d, e, f), S40 (g, h, i), S60 (j, k, l).decrease of the Young's modulus for the S60 scaffold could be related to
the agglomeration of apatite particles. Indeed, it has been demonstrated
thatwell-dispersed nanoceramics in PLGA enhance the tensilemodulus,
tensile strength at yield, ultimate tensile strength and compressive
modulus similar to those obtained inmore agglomerated nanoceramics
in PLGA [34]. The high amount of apatite ﬁller in the S60 scaffold must
lead to more agglomerate apatite particles and, as a consequence a
less efﬁcient composite in terms of mechanical properties.
According to Gibson [32], the second stage of the stress-strain curves
corresponds to a stress plateau. During this plateau, cells gradually col-
lapse by elastic buckling, plastic yielding or brittle crushing. Then, a
third step corresponding to the material densiﬁcation is generally ob-
served for porous materials although it was not observed in the present
study.Table 2
Total porosity (%) of the prepared PLGA and PLGA-apatite composite scaffolds.
Sample S0 S20 S40 S60
Porosity (%) 72.1 62.8 62.9 63.9 Fig. 5. Pore size distribution measured by mercury intrusion for PLGA and PLGA-apatite
scaffolds: S0, S20, S40 and S60.
Fig. 6. Uniaxial stress-strain curves for PLGA and PLGA-apatite scaffolds: S0, S20, S40 and
S60.Even if the scaffold porosity described in this study is two-dimen-
sional and anisotropic (at themicrodomain scale), two-dimensional cel-
lular solid micromechanical models (honeycomb) are not totally
adapted to the tested samples because several cell sizes and orientations
were variable (several porous domains coexisted with their own orien-
tation). It could explain why the two last steps weremixed for the pres-
ent scaffolds. Indeed, as the compression was uniaxial and the porosity
domains aligned in random directions, buckling, collapse and densiﬁca-
tion could occur at the same time depending on the domain. The fact
that, for a similar compressive stress, the elongation decreased from
S0 to S40 (minimal elongation) and then increased for S60 could be
linked to: i) the presence of enough apatite particles to block chain mo-
bility and then delayed buckling when the applied strength was im-
proved (S0→ S40), ii) when the apatite particles were present in very
high amounts compared to the PLGA matrix, bigger agglomerates and
induced microporosity could lead to a transfer from a buckling mecha-
nism to brittle crushing.
4.3. Degradation tests
The scaffolds containing the highest amount of apatite showed a
greater aqueous solution uptake than the control scaffold (S0). This
can be attributed to the larger surface area covered with apatite parti-
cles, generating a micro/nanostructure with more hydrophilic proper-
ties on the surface of the scaffolds and additional microporosity.Fig. 7. Evolution of Young's modulus with the apatite ﬁller rate (wt%) in the scaffolds.
Fig. 8. Evolution of aqueous solution uptake (a), remaining material (wt%) (b) and PLGA
molecular weight (c) during in vitro degradation test of S0, S40 and S60 scaffolds.Moreover, the associatedmicroporosity allows a higher uptake. The hy-
drophilicity of scaffolds has a great inﬂuence on material performance
in a biological environment, as demonstrated by Idaszek et al. [35].
The more hydrophilic scaffolds, which have a higher contact area with
the solution, suffered weight loss in a proportional rate to the absorbed
amount of Tris solution. Furthermore, part of theweight loss of the scaf-
folds containing apatite is due to disintegration, dissolution and erosion
of the particles located on the surface of the scaffolds. We have also to
consider that the solubility product of carbonated apatites (2.88
10−112 mol18 L−18) is signiﬁcantly greater than that of HAP (5.52
10−118 mol18 L−18) [36]. Therefore, the weight loss exhibited by the
scaffolds containing inorganic carbonated apatite particles is not
necessarily directly proportional to polymer degradation (higher specif-
ic area associated to additional microporosity). This is corroborated by
the GPC results that showed scaffold S0 with the lowest Mw after
28 days of degradation. This may be due to autocatalytic acidic degrada-
tion suffered by PLGA due to the release of lactic and glycolic acids; in
apatite-containing scaffolds the presence of carbonated apatite particles
has a buffering role and limits acidiﬁcation due to PLGA hydrolysis
which leads to dissolution of apatite but limits the PLGA autocatalytic
degradation process [37].
5. Conclusion
This study demonstrated the feasibility of porous PLGA-biomimetic
apatite composite scaffolds preparation by freeze-casting using DMC
as a solvent, leading to a material without any signiﬁcant shrinkage.
The composite scaffold porosity was homogeneously distributed, main-
ly two-dimensional and related to anisotropic macro-domains. Three
main macropore sizes were identiﬁed for the prepared PLGA-apatite
scaffolds: they were centered around 60 μm, 160 μm and 380 μm.
Wepointed out the determinant role of apatite ratiowithin the com-
posite scaffold in terms of material cohesion,mechanical properties and
in vitro degradation properties. The apatite ﬁller ratio limit to obtain a
monolithic porous scaffold was 60 wt%. An increase of the porous scaf-
fold Young's modulus was observed up to 40 wt% of apatite ﬁller ratio
whereas in this range of ﬁlling ratio the plasticity of the scaffold was de-
creased, indicating that there is an optimum biomimetic apatite ratio to
combine good mechanical properties and material cohesion. Interest-
ingly, the rigidity of pore walls was improved in the presence of biomi-
metic apatite particles, which is a major property for bone engineering
applications: it should prevent the collapse of porosity during cutting
of the samples by surgeons to ﬁll and/or repair small bone defects.
The in vitro degradation study showed that higher apatite ﬁller ratios
limited PLGA degradation (less decrease in Mw) in aqueous medium es-
pecially after 4weeks of degradation test and enhanced the hydrophilicity
of the scaffolds (higher aqueous solutionuptake)which is expected to im-
prove the biological properties of the scaffolds in addition to the bioactiv-
ity related to the presence of the apatite analogous to bone mineral.
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